The integrity of the actin cytoskeleton is essential for plant immune signalling 1 . Consequently, it is generally assumed that actin disruption reduces plant resistance to pathogen attack [2] [3] [4] . However, in a previous study, it was shown that actin depolymerisation triggers the salicylic acid (SA) signalling pathway 5 , which is interesting because increased SA is associated with enhanced plant resistance to pathogen attack 6, 7 . Here, we attempt to resolve this seeming inconsistency by showing that the relationship between actin depolymerization and plant resistance is more complex than currently thought. We investigate the precise nature of this relationship using two completely different plant pathosystems: i) a model plant (Arabidopsis thaliana) and a bacterial pathogen (Pseudomonas syringae), and ii) an important crop (Brassica napus) and a fungal pathogen (Leptosphaeria maculans). We demonstrate that actin depolymerization induces a dramatic increase in SA levels and that the increased SA is biosynthesized by the isochorismate synthase pathway. In both pathosystems, this phenomenon leads to increased plant resistance.
related 1), a defence-related SA marker gene 11 . Furthermore, both cytochalasin E and latrunculin B induced the transcription of several SA marker genes (AtPR-1, AtPR-2 and AtWRKY38) in A. thaliana seedlings 5 . This suggests that while such drugs do indeed cause actin depolymerization, the effects of such depolymerization may not always be adverse. Could it be that drug-induced actin depolymerization actually triggers processes that induce the SA pathway and thereby increase plant resistance to pathogens?
To establish that SA levels can increase upon actin depolymerization, we measured phytohormone content in A. thaliana seedlings treated with just 200 nM latrunculin B. Such a low concentration of latrunculin B proved sufficient to depolymerize actin filaments in the seedlings within 24 h (Fig. S1 ).
Significantly, by that time there was a sevenfold increase in the free SA level of the treated seedlings compared with the control ones. The only other phytohormone to display an increase (twofold) was jasmonic acid (JA). Apart from Indole-3-acetamide (IAM), which showed a threefold decrease, the other tested phytohormones remained largely unaltered ( Fig. 1A ; Table S1 ).
Having shown this dramatic rise in SA level in A. thaliana, we wondered which of its two SA biosynthetic pathways was responsible for this increase or whether they both contributed to it. One pathway involves phenylalanine ammonia-lyase (PAL, EC 4.3.1.24), which exists in four isoforms, while the other involves isochorismate synthase (ICS; EC 5.4.4.2), which occurs in two isoforms 12 .
Analysis of the transcription of all AtPAL and AtICS genes in the seedlings revealed that only the
AtICS genes were induced by latruculin B (Fig. 1B) . This shows that drug-induced actin depolymerization activates the ICS-dependent pathway and that this pathway alone is responsible for SA biosynthesis under these conditions.
Given that increased resistance to pathogens in A. thaliana is associated with SA biosynthesis through the ICS pathway 13, 14 , is it possible that activation of the same pathway invoked by drug-induced actin depolymerization also results in increased resistance? To investigate this, we used Ishiga et al.'s (2011) protocol as a basis for performing two in vitro A. thaliana-Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) flood-inoculation assays in liquid and solid media 15 . We treated the seedlings with latrunculin B 24 h before inoculation with Pst DC3000. Remarkably, under both conditions, the latrunculin B-pretreated seedlings were more resistant than the pretreated control ones (Fig. 1C, D , E).
To ensure that this phenomenon is not just associated with in vitro conditions, we also performed experiments using four-week old A. thaliana plants cultivated in soil, such plants typically being used for studies of A. thaliana resistance to Pst DC3000 16 . Unlike the seedlings, treatment with 200 nM latrunculin B did not activate the SA pathway in the adult plants and, thus, no increased resistance was observed (Fig. S2A, C) . However, the transcription of SA marker genes (AtPR-1, AtPR-2, AtICS1)
was induced after treatment with 1 µM latrunculin B (Fig. S2B ), leading to increased resistance to Pst DC3000 (Fig. 1F, G, S2C ). This suggests that plant resistance is strongly dependent on latrunculin B concentration, probably due to differences between the efficiency of latrunculin B-induced actin depolymerization in seedlings and in adult plants (Fig. S3 ). Similar to latrunculin B, pretreatment with Pst DC3000 (Fig. S4B) , thereby strengthening the notion that such resistance is due to the depolymerizing activity of cytoskeletal drugs. It should be noted that we exclude the antibacterial effect of latrunculin B because Pst DC3000 grew in vitro in the presence of latrunculin B at a similar rate as in the control medium (Fig. S5A ).
To further demonstrate the dependence of such resistance on the SA pathway, we performed assays using mutants known to have an impaired SA pathway and thus be more susceptible to Pst DC3000:
nahG, which induces low endogenous SA levels through the expression of SA-hydroxylase, and sid2, a knock-out mutant of the AtICS1 gene. As expected, latrunculin B did not induce resistance in the nahG plants (Fig. 1F, G) . The sid2 plants exhibited latrunculin B-induced resistance, but to a much lesser extent than the WT controls (Fig. 1F, G) ; this might be explained by induced transcription of the AtICS2 gene after treatment with latrunculin B (Fig. 1B) . Both of these results confirm that SA is indeed responsible for actin depolymerization-induced resistance.
To show that this phenomenon is not species-specific, we investigated the effect of latrunculin B on another model plant, Nicotiana bentamiana, and an important crop, oilseed rape (Brassica napus). As (Fig. S6) , corresponding to the weaker transcription of defence-related genes (Fig. 2B ). These data are in accordance with our previous study characterizing the importance of SA in the defence of B. napus against L. maculans
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. In addition, we observed significant cytochalasin E-induced resistance to L. maculans in B. napus (Fig. S7 ), which suggests that the effect is not compound-specific. Furthermore, neither latrunculin B nor cytochalasin E displayed antifungal activity on L. maculans growth in vitro (Fig. S5) . Interestingly, the co-inoculation of B. napus cotyledons with a joint solution of 10 µM latrunculin B and L. maculans conidia also induced resistance (Fig. 2D ). These results indicate that depolymerized actin can trigger resistance to bacterial or fungal pathogens.
Thus, we have shown that plant immunity is strongly activated by depolymerised actin and that this phenomenon appears to be generally valid; namely, it seems not to be species specific, pathogentype specific or drug-type specific. These findings do not negate those of previous studies that showed the susceptibility of plants treated with cytoskeletal drugs to pathogens 2-4,9,10 . Rather, they reveal that the plant disease resistance is strongly dependent on whether the plant has sufficient time to activate SA-mediated immunity. This was clearly shown by our experiments with Pst DC3000, in which preinfection treatment with cytoskeletal drugs resulted in resistance whilst co-inoculation did not ( Fig. 1G,   H ). Interestingly, treatment with latrunculin B resulted in increased resistance in both L. maculans setups: pretreatment ( Fig. 2C ) and co-inoculation (Fig. 2D ). This suggests that the rapidity of pathogen growth is a crucial factor. In contrast to Pst DC3000, which strongly damaged the inoculated leaves within three days, almost no multiplication of L. maculans occurred during the same period 17 .
Thus, it appears that the slow growth of L. maculans enabled B. napus to establish the SA pathway, which was induced within 24 hours of cytoskeletal drug treatment (Fig. 2B ). Overall then, while it is true that plant resistance to pathogens is decreased by a disrupted actin cytoskeleton, our results show that, given sufficient time, plants are able to trigger SA-based defence mechanisms to overcome such threats.
To our best knowledge, we herein provide the first evidence that disruption of the actin cytoskeleton can actually lead to increased plant resistance to pathogens, and that SA is crucial to this process. We strongly believe that our work opens a new and important direction for further research. For example, it is possible that plants have evolved a system for detecting actin cytoskeleton disruption and that the activation of such a system triggers SA-specific immune responses. For this reason, further research should be focused on deciphering the mechanism by which actin depolymerization triggers SA biosynthesis.
MATERIAL AND METHODS

Plant material
For the Arabidopsis thaliana experiments, the following genotypes were used: Columbia-0 (WT); sid2- On the 7th day, the medium in the wells was exchanged for a fresh one.
Treatment with chemical compounds
As actin depolymerizing drugs, latrunculin B (Sigma-Aldrich, USA) and cytochalasin E (Sigma-Aldrich, USA) were used. Latrunculin B and cytochalasin E were both dissolved in DMSO; the concentration of the stock solutions were 2 mM and 4 mM, respectively. Fully-developed leaves from four-week-old A. thaliana grown in soil were infiltrated either with 200 nM or 1 µM latrunculin B (0.01% or 0.05% DMSO as respective controls) or with 1 µM or 10 µM cytochalasin E (0.025% or 0.25% DMSO as respective controls) using a needleless syringe.
The 10-day-old cotyledons of B. napus were infiltrated either with 1 µM or 10 µM latrunculin B or with 10 µM cytochalasin E (in all cases with corresponding DMSO controls) using a needleless syringe.
Inoculation of A. thaliana seedlings with Pst DC3000
After the A. thaliana seedlings had been cultivated in 24-well plates in the liquid MS medium for 10 days, the cultivation medium was exchanged for one containing latrunculin B or cytochalasin E, and incubated for 24 h. On day 11, the medium was replaced with a bacterial suspension of Pst DC3000 in 10 mM MgCl 2 (OD 600 =0.01). The seedlings were incubated in this bacterial suspension for 1 min. After incubation, the suspension was replaced with the liquid MS medium. On day 12, the seedlings were harvested, each sample taken containing all of the seedlings from three wells. The seedlings were then homogenized in tubes with 1 g of 1.3 mm silica beads using a FastPrep-24 instrument (MP Biomedicals, USA). The resulting homogenate was serially diluted and pipetted onto King B plates.
The colonies were counted after 1-2 days of incubation at 28 °C.
The seedlings cultivated on solid medium were flooded with 200 nM latrunculin B solution in water on day 13. Control plants were treated with a corresponding solution of DMSO. On day 14, the solutions were replaced with a suspension of overnight culture of Pst DC3000 (OD 600 =0.01) containing 0.025%
Silwet. Samples were harvested at 0, 1 and 2 dpi, with each sample containing the plants from five plates. The seedlings were homogenized in tubes with 1 g of 1.3 mm silica beads using a FastPrep-24 instrument (MP Biomedicals, USA). The resulting homogenate was serially diluted and pipetted onto LB plates containing rifampicin. The colonies were counted after 1-2 days of incubation at 28 °C.
Inoculation of four-week-old A. thaliana with Pst DC3000
Pst DC3000 was grown overnight on King B agar plates at 28 °C, resuspended in 10 mM MgCl 2 , and diluted to an OD 600 of 0.001. Using a needleless syringe, the bacterial suspension was infiltrated into USA). The relative lesion area was then calculated as the ratio of lesion area to whole leaf area. For the microscopy studies, the cotyledons infected with GFP-tagged v23.1.3 isolate 23 were observed at 10 dpi using a Leica DM5000 B microscope.
Gene expression analysis
The whole seedlings from three independent wells were immediately frozen in liquid nitrogen. . A list of the analysed genes and primers is available in Table S2 .
Phytohormonal analysis
Hormone analysis was carried out on four samples, each of which contained all seedlings from six of the 24 wells. Plant hormone levels were determined as described by Dobrev and Kaminek (2002) 25 .
Briefly, samples were homogenized in tubes with 1. 
Confocal microscopy of actin filaments
For in vivo microscopy, a Zeiss LSM 880 inverted confocal laser scanning microscope (Carl Zeiss AG, 
Statistical Analyses
All experiments were repeated at least three times. 
